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ANALYTICAL MODELING OF DISCHARGE FLOV DINAMICS 
IN SCROLL COMPRESSORS 
Jeff J. Niete• Douglas P. Gagne 
Resear~h Engineer Assistant Research Engineer 
United Te~hnologies Research Cente~: 
411 Silver Lane, Hail Stop 129-19 
East Hartfo~:d, CT 06108 
ABSTRACT 
The dynami~ cha~:-acteristics of scroll compresso~: operation have been demonstrated and analyzed in a number of papers over the past decade. This paper discusses the modeling methods used to describe the scroll ~ompressor discharge dynamics. Nume~:ous models are required to accurately represent this complex dynamic p~:-ocess. These include the differential mass continuity and polytropic compression equations for the scroll pockets during compression and discharge, the isentropic flow equation and geometric area open fo~: flow through the discharge port, and acoustic modeling techniques for p~:essure oscillations in the discha~:-ge manifold. The modeling approach is validated by comparison of the predicted compression and discharge pocket pressure-s with dynamic p~:essure measurements. 
NOMENCLATURE 
A Area 
CD Discharge coefficient fo~: flow 
gc Gravitational acceleration 
h Enthalpy of gas 
Imaginary number 
m Mass of gas 
H Number of discrete manifold sections 
m Mass flow rate of gas 
np Polytropic exponent 
N Number of frequency harmonics 
p Pressu~:-e 
Q Volume velocity 
0 Rate of Heat transfer 
SOS Start of suction process 
SOC Start of 'closed' compression process 
SOD Start of discharge process 
EOD End of discharge p~:-ocess 
t Time 
T Transfer matrix 
u Inte~:nal energy of gas 
v Velod ty of gas 
V Rate of bounda.y vork 
z Elevation of gas 
Z Acoustic impedance 
e Crank angle, or orbit angle position of orbiting scroll 
Oensi ty of gas 
~ Angular frequency 
~0 Fundamental angular frequency 
~ Phase angle of mass flow rate and volume velocity harmonics 
~ Phase angle of pressure pulsation harmonics 
Subscripts 
c Control volume, chamber 
D Discharge port 
do Downstream 
in,i Into control volume, manifold 




Out of control volume, manifold 
Upstream 
Superscdpts 




A common source for noise in many positive displacement type
 compressors is 
the oscillatory flow of discharge gas through the discharg
e porting. This is 
especially true for hermetic scroll compressors with low side 
type shells (most of 
shell interior at suction pressure) due to the relatively sma
ll region within the 
shell for the discharge gas path. Consequ~ntly, there 
is limited space for 
muffling the discharge flow pulsations. In light of this pote
ntial for noise, and 
in th~ interest of improving other aspects of compressor perf
ormance, it is very 
important to gain an understanding of the discharge flow d
ynamics. Analytical 
modeling is a very good approach to gaining this under
standing, as well as 
producing a tool which can enable the design engineer to impr
ove upon the dynamic 
behavior of the discharge process. 
A number of papers[l] in recent years have discussed various as
pects of scroll 
compressor operation. These discussions have covered the 
range of topics from 
thermodynamic effects in terms of leakage, flow losses, compres
sion losses, etc. to 
structural dynamics in terms of orbiting scroll motion, cranksh
aft oscillation, and 
crankcase vibrations. One topic not adequately discusse
d is the dynamic 
characteristics and modeling approaches associated with th
e scroll compressor 
discharge process and resulting pressure pulsations. In th
is paper, a detailed 
description is ·given of the modeling approach used for the d
ischarge process and 
the dynamic characteristics associated with this process. 
ANALYTICAL MODELING 
Geometric Relationships 
To model the scroll compression 'and discharge processes, 
d~scriptions of 
volume in the pair of compression pockets and area open fo
r discharge flow as 
functions of time are required. These geometric relat
ionships are more 
conveniently described as functions of scroll orbit angle, o
r crank angle. Such 
analytical expressions have been documented to some exte
nt for various wrap 
geometries in past literature(2-5] and therefore will not be g
iven here. However, 
a qualitative description of the geometric regions used in
 our current model, 
especially for discharge flow area, will be provided for 
clarification of our 
approach. 
Volume in a pair of scroll pockets is shown in Fig. 1 for a
 typical scroll 
compressor from the start of suction (SOS) through the end of d
ischarge (EOD). The 
process from the start of compression (SOC) to the start o
f discharge (SOD) is 
approximately a closed compression process; only leakage, 
or porting for some 
pneumatic type operations such as a back chamber[6], ,-prevent i
t from being truly a 
closed process. Once the inner wrap tips open at SOD, the c
ontrol volume in the 
pockets is no longer 'closed•, and the problem of definin
g a boundary to the 
control volume in the open regions must be resolved. In Fig
. 2 scroll wraps are 
shown some time after SOD with the cross-sectional area o
f one pocket control 
volume shaded. The figure shows the imaginary boundary betwee
n the inner wrap tip 
and mating wrap surface as indicated by the line from P to 
T. This line is the 
normal to the inner wrap surface which passes through the matin
g inner wrap tip at 
P, and is one of the imaginary boundaries utili~ed.to describe 
the volume in Fig. 1 
after SOD. Additionally, an imaginary boundary is assumed
 in the plane of the 
fixed scroll plate which segregates the discharge port from
 the pocket control 
volume. 
The effective area open for discharge flow in scroll compresso
rs is a compli-
cated problem to describe. Our current approach uses an eff
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Fig. 1 Volume in a pal• of typi~al scroll pockets from SOS to EOD. 
Fig. 2 Control volume in scroll pocket after SOD. 
the ~ombination of four different geometric areas that open in various vays during one orbit cycle. These four areas are shovn in Figs. 3-6 and are, •espectively: (l)the rectangular area formed by the gaps {P to T) between the mating inner wrap tips and the full height of the wrap flanks, (2)the area of the entire discharge port uncovered by the area of the orbiting inner wrap tip, (3)the area of the discharge port outside the orbiting inner tip, and (4)the area of the discharge dimple outside the fixed inner wrap tip. The dis~harge dimple is a shallow cavity introduced into the orbiting scroll plate in a fashion similar to the port in the fixed sc•oll plate. The purpose of the dimple is to allow compressed gas to escape under the fixed vrap tip as area (4) is uncovered to provide a more symmetric discharge process. These four types of areas are plotted for one orbit cycle in Fig. 7 for a typical scroll compressor. The first area, A01 , is for just one of the cvo identical gaps betveen the inner tips. The third and fourth areas, Ao3 and AD4' are terminated before completing a full cycle because the definition of these 
areas is not meaningful for the full cycle. The effective area used for computing discharge flow is plotted in Fig. 8 corresponding to the four area types shovn in Fig. 7 and is derived as follovs. Initially, the effective area is the sum 
(1) 
This description is used until AD equals ADZ' after vhich AD is simply set to A02 • One further modification is 
equals ~2 , a procedure is 
shovn. 
performed: in the transition region around vhere An 
applied to AD to smooth the curve, resulting in that 
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Fig. 3 Dis~harge flow area type 1 Fig. 4 Discharge flow area ty
pe 2 
Fig. 5 Discharge flow area type 3 
Fig. 6 Discharge flow area type 4 
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Fig. 7 Variation of individual areas Fig. 8 Ef
fective discharge flow area 
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Compression Process 
The compression process pertains to 'closed' compression after the outer wrap tips seal off at SOC and continues until the inner wrap tips open at SOD. (For a description of the scroll suction process leading up to 'closed' compression, see Reference 7.) Further, compression effectively continues after SOD, through the discharge process until EOD. Therefore, the following relationships that are used to model compression processes are actually applied from SOC to EOD as well. For all process equations, it is assumed that gas properties are uniform throughout each defined region, e.g .. properties are uniform throughout the compression. and discharge pockets. 
The instantaneous mass of gas contained within the control volume for a pair of compression pockets can be described by the differential continuity equation, 
( . . ) m - m in out (2) 
The gas state in the control volume during the compression process normally is modeled by one of two approaches: either using the polytropic process, or using the first law of thermodynamics (energy conservation). The polytropic process model is quite often a good approximation to employ for displacement compressors. It simply uses the relation 
The greatest difficulty 
polytropic exponent np; 
experiment[B). 
(3) 
with this model is obtaining an accurate value for the a good approach is to measure np in a laboratory 
The firsr law of thermodynamics on a time rate basis ~an be applied to the control volume using 
_i(m u ) - Q - II + E min ( h 
v2 
gz )in dt c c + 2 + 
- E .;,out ( h 
v2 
gz )out (4) + 2 + 
Application of this approach is more difficult than the polytropic model. The general energy equation given must be reduced to a usable form, typically a differential equation of gas temperature in the control volume. Further, reduction of the general form involves obraining a number of partial differentials relating enthalpy and pressure to temperature and specific volume[9]. These are trivial for ideal gas properties, but for real gas properties are more difficult to compute. 
Finally, the greatest obstacle to using Eq. (4) is in obtaining reasonably accurate 
values of heat transfer 6. Models used for heat transfer in positive displacement compressors have been fairly well documented for reciproc~ting piston types[lO), but much less so for other types, and apparently not at all for scroll compressors. Currently, the polytropic model is used in our s~roll compressor simulation. 
Discharge Process 
The instantaneous mass flow rate of discharge gas exiting or back-flowing into the control volume can be described using the steady, one-dimensional, isentropic flow equation such as for a nozzle, 
(5) 
where A0 is obtained from the procedure described above and CD is an appropriately 
chosen flow coefficient[ll]. As stated previously, the relationships used to model 
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the state of the gas in the control volume during the discharge proce
ss are th~ 
same as those used during the 'closed' compression process. 
Discharge Pulsations 
Gas pulsations in compressor manifolds have a significant effect upon su
ction 
and discharge processes. Modeling this interaction between the disc
harge flow 
process and manifold .pressure pulsations can be accomplished in a
 number of 
ways(l2,13]. Probably the most powerful and flexible of these approac
hes is the 
transfer matrix met-hod which is performed in the frequency domain( 12-16].
 
In the transfer matrix approach, pressure pulsations are modeled by com
bining 
the steady-state acoust-ical impedance description of the manifold with 
an acou'11t-
ical source: the oscillatory gas flow in or out of the port. The po
wer of the 
transfer matrix approach is that in the frequency domain, analysis c
onsists of 
complex algebraic operations, rather than solving differential equa
tions with 
associated boundary conditions in the time domain. Since the mass
 flow rate 
through the discharge port is a periodic function of time or crank angle,
 it can be 
represented by a finite Fourier series(14,15] 
(6) 
The actual acoustic source used in the analysis is volume velocity o0 which is rep-




The transfer matrix approach uses the four-pole or two-port network theo
ry to 
cascade, by transfer matrices, the acoustic elements of the discretized
 manifold. 
An e~ample of a discretized manifold is depicted in Fig. 9 where the cor
responding 
cascade of transfer matrices would be 
~~i (w)} • 'i\ Rz f3 R4 fs f6 {~o(w)} 2 fH {~o(w)} 









]· for k • 2, 4. (1
1) 
Here, Rk is the transfer matri~ of the side branches for the extended-tube reson-
ators 2 and 4. Each transfer matri~ fk describes the acoustic properties of the 
discrete manifold section it represents, within the limitations of th
e acoustic 
theory employed for that section. This is another major factor adding to
 the power 
of this approach: since manifolds are discretized into acoustic element
s, only the 
sophistication of· the types of elements available limit the comple
xity of the 
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manifolds which can be accurately modeled. Commonly used acoustic elements[16) consist of one-dimensional distributed parameter types (e.g., a constant cross-sectional area duct) as well as lumped parameter types (e.g., a r~sonator volum"'). 
CD ® 0 ® 
Input Output 
a,-~~ 0 ® i'+ao 
I I 
Po 
Fig. 9 Example discreti~ed manifold system 
In recent years, three-dimensional effects have been utili~ed[17,18) to describe the acoustical impedances of manifolds when accounting for cross modes in larger sized regions for higher frequency prediction capability. The most flexible implementation of 3-D effects would be to,use the transfer matrix method to analyze the whole manifold system, but use some other analysis procedure capable of 3-D acoustic analysis to obtain the four-pole parameters of the large sized sections. These four-pole parameters containing the 3-D effects of larg"' sections can be input into the transfer matrix analysis for the whole manifold system. 
From the transfer matrix of the whole manifold system fM' the steady-state 
acoustic impedances for the manifold can be obtained[14,15). The driving point impedance at the input location is, 
and the cross point impedance to the output location is, 
p (01) _o __ ; 
(12b) 
[ji ( 01) 
By combining the acoustic impedances with the source (oscillatory gas flow), the oscillatory pa•t of the gas pressures can be obtained[l4,15J, 
pD(oo) D zii(oo) OD(OI) 




These pressure harmonics p(w) can then be represented back in 
the time (or crank 
angle) domain using the Fourier series[14,15], 
(14) 
Consequently, pressure pulsations in the discharge manifold are m
odeled and coupled 
to the oscillating gas flow through the discharge port. This con
cludes the summary 
of the primary models used in our comprehensive scroll compresso
r simulation which 
are pertinent to discharge flow dynamics. 
SCROLL DISCHARGE CHARACTERISTICS 
The dynamic character of discharge gas flow and the resulting pr
essure pulsa-
tions in standard scroll compressors wi th<:>ut discharge valves are
 no.tably diffe~;ent 
from that occurring in compressors with discharge valves. This i
s because standard 
scroll compressors are fixed volume ratio machines. Consequen
tly, discharge flow 
characteristics are dependent entirely upon the mismatch between 
the compressor and 
system pressure ratios, and the flow area available for eq
ualization of this 
pressure mismatch. The flow area available is dictated by the ge
ometry of the port 
and inner scroll wraps as described above. 
The oscillatory flow which emanates from the discharge port actS
 as a forcing 
function to the dynamic system consisting of the acoustic transm
ission path in the 
discharge gas and the structural path of the ·compressor she
ll assembly. Cons-
equently, this oscillatory discharge flow can be a prominent nois
e source in scroll 
compressors. Contained in this oscillatory flow, for some operat
ing conditions, is 
a large flow pulse at the start of the periodic discharge pro
cess. The largest 
pulses in gas flow occur at system pressure ratios much highe
r than that of the 
c<:>mpressor due to the sudden back flow which takes place for pres
sure equalization. 
An example of the severity of such a back-flow pulse, as predic
ted by our simula-
tion, is shown in Fig. 10 by the solid curve. These back-flow 
pulses are also of 
short time duration and therefore, contain energy at high freque
ncies, as is clear 
in the frequency spectrum of Fig. 11 corresponding to the solid
 curve of Fig. 10. 
At system pressure ratios which are significantly less than t
he compressor's, a 
broad over-pressure pulse is generated as shown by the dashed
 curve in Fig. 10. 
The frequency spectrum for this mass flow rate time history is gi
ven in Fig. 12 and 
shows the signfficantly lower harmonic content characteristi
c of over-pressure 
pulses. 
It is a matter of course that the pressure pulsations resulting
 from oscill-
atory gas flow containing back-flow pulses as in Fig. 11 
are more likely to 
generate noise problems than may occur from oscillatory flo
w containing over-
pressure pulses as in Fig. 12. From a gas pulsation view
point, one would be 
inclined to minimize the abrupt back flow due to pressure equ
alization by maxi-
mizing the machine's pressure ratio for the range of syst
em pressure ratios 
expected. This would increase the range of conditions where ov
er-pressure pulses 
and lower gas pulsation harmonics occur (a positive noise redu
ction effect), but 
also would increase the over-pressure losses at these con
ditions (a negative 
efficiency effect). 
In Figs. 13 and 14, the pressure-volume diagrams corresponding 
to the condi-
tions and mass flow histories of Fig. 10 are shown. The dr
amatic increase in 
scroll pocket pressure shortly after SOD due to the strong back f
low is apparent in 
Fig. 13. This back-flow effect results in a large increase in
 compression power 
over what would be required if the compressor pressure ratio m
atched the ·system. 
The area between the solid curve and the dashed curve in Fig. 
13 represents this 
increase in compression p<:>wer. The total compression power is p
roportional to the 
enclosed pressure-volume area. In Fig. 14, the pocket pressure a
fter SOD increases 
more gradually due to normal flow and over-pressure before peaki
ng and then slowly 
decreasing back to discharge pressure. There is n<:> increase in
 power due to back 
flow, only the increase in compression power due to over-p
ressure. The area 
between the pocket pressure curve and the discharge pressure cur
ve in both figures 
represents the increase in compression power due to over-pressu
re. The power due 
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Fig. 13 Pressure-volume diagram for 
~ondition where system pressure ratio 
is mu~h greater than the compressor 
l!: ::s 





Fig. 14 Pressure-volume diagram for 
condition where system pressure ratio 
is less than the compressor 
Thus we see the dilemma; though discharge flow pulses, which c
ause pressure 
pulsations, are less likely to be a problem for a compressor wit
h a pressure ratio 
greater than (or equal to) that of the system. ~hen considering
 the full range of 
operating conditions, the power required for compression may be
 much greater than 
for a lower pressure ratio machine. Consequently, the desi
gn engineer has to 
compromise between discharge gas pulses and compressor efficiency
. If considerable 
flow pulses still exist after completing a design, the next step
 is to address the 
transmission paths whereby this gas pulsation energy is transmit
ted to the outside 
world. Proper design of the discharge manifold from an 
internal acoustics. 
viewpoint (manifold tuning(15]) can address the gas transmissi
on path. Finally, 
the vibratory characteristics of the compressor shell can be mod
ified to reduce the 
transmission of gas pulsation energy through this path. 
MODEL VALI~TION 
The models described here are part of a comprehensive scro
ll compressor 
simulation. Predictions from this simulation have been valid
ated by comparison 
with data measured in the laboratory(B,l9). Typical comparison
s between measured 
and predicted pocket pressures from SOS to EOD are sho~n in F
ig. 15 for the ARI 
~ondition and in Fig. 16 for the 45/110 condition. (Predi
cted pressures are 
represented with dashed curves and measured pressures are repr
esented with solid 
curves.) As can be observed in these figures, there is excellent
 agreement between 
predicted and measured pressure dynami~s. Also, it should
 be noted that the 
pressure pulsations shown in Figs. 15 and 16 are of much grea
ter amplitude than 
occur in a production hermetic compressor because of the s
hell configuration 
required in the laboratory for transducer feed-throughs. 
No measurements of 
dis~harge mass flow dynamics are currently available for co
mparison with that 
predicted, nor have they been documented for scroll compressors i
n the literature -
this is an area for future work. 
CONCLUSIONS 
The scroll compression and discharge process modeling approaches 
were discuss-
ed along with approaches for modeling discharge pressure pulsatio
ns. The dis~harge 
gas flow pulsations can be a significant noise source in s
croll compressors. 
Proper understanding of the dynamic character during scroll dis
charge can be very 
beneficial in avoiding possible noise problems. These discharge
 flow dynami~s are 
due primarily to the mismatch between the system and compresso
r pressure ratios, 
and the flow area available for equali~ation of this mismatch. T
he models present-
ed here provide greater insight and act as a tool for controlli
ng this phenomena. 
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Fig. 16 Comparison of predicted and measured scroll pocket pressure from SOS to EOD at 45/110 condition (solid curve is measured, dashed curve is predicted) 
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